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(54) Method and apparatus for in-situ monitoring of thickness during chemical-mechanical 
polishing 



(57) An apparatus and method for in-situ monitoring 
of thickness during chemical-mechanical polishing 
(CMP) of a substrate using a polishing tool and a film 
thickness monitor. The tool has an opening placed in it. 
The opening contains a monitoring window secured in 
it to create a monitoring channel. A film thickness mon- 
itor (comprising an ellipsometer, a beam profile reflec- 
tometer, or a stress pulse analyzer) views the substrate 



through the monitoring channel to provide an indication 
of the thickness of a film carried by the substrate. This 
information can be used to determine the end point of 
the CMP process, determine removal rate at any given 
circumference of a substrate, determine average re- 
moval rate across a substrate surface, determine re- 
moval rate variation across a substrate surface, and op- 
timize removal rate and uniformity. 
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Description 

Background of the Invention 

The present invention relates to the field of semi- 
conductor substrate processing and, more particularly, 
to the monitoring of material being removed during 
chemical-mechanical polishing of a semiconductor sub- 
strate. 

The manufacture of an integrated circuit device re- 
quires the formation of various layers (both conductive, 
semiconductive, and non-conductive) above a base 
substrate to form necessary components and intercon- 
nects. During the manufacturing process, removal of a 
certain layer or portions of a layer must be achieved in 
order to planarize or in order to form the various com- 
ponents and interconnects. Chemical-mechanical pol- 
ishing (CMP) is being extensively pursued to planarize 
a surface of a semiconductor substrate, such as a silicon 
substrate, at various stages of integrated circuit 
processing. It is also used in polishing optical surfaces, 
metrology samples, micro-machinery, and various met- 
al and semiconductor based substrates. 

CMP is a technique in which a polishing agent is 
used along with a polishing pad to polish away materials 
on a semiconductor substrate. The mechanical move- 
ment of the pad relative to the substrate, in combination 
with the chemical reaction of the polishing agent, pro- 
vides an abrasive force with chemical erosion to 
planarize the exposed surface of the substrate (or a lay- 
er formed on the substrate). 

In the most common method of performing CMP, a 
rotating wafer holder supports a wafer, and a polishing 
pad rotates relative to the wafer surface. The wafer hold- 
er presses the wafer surface against the polishing pad 
during the planarization process and rotates the wafer 
about a first axis relative to the polishing pad (see, fbr 
example, U.S. Patent No. 5,329,732). The mechanical 
force for polishing is derived from the speed ofthe pol- 
ishing pad rotating about a second axis different from 
the first and the downward force of the wafer holder. A 
polishing agent is constantly transferred under the wafer 
holder, and rotation of the wafer holder aids in polishing 
agent delivery and averages out local variations across 
the substrate surface. Since the polishing rate applied 
to the wafer surface is proportional to the relative veloc- 
ity between the substrate and the polishing pad, the 
polish rate at a selected point on the wafer surface de- 
pends upon the distance of the selected point from the 
two primary axes of rotation- that of the wafer holder and 
that of the polish pad. This results in a non-uniform ve- 
locity profile across the surface of the substrate and 
therefore, in a non-uniform polish. Additionally, it is gen- 
erally accepted by those experienced in the art of CMP 
that a higher relative velocity between the wafer and the 
polish pad is desired for superior planarization perform- 
ance (see, for example, Stell et al., in "Advanced Met- 
allization for Devices and Circuits - Science, Technology 



and Manufacturability" ed. S.P. Murarka, A. Katz, K.N. 
Tu and K. Maex, pg 151). However, a higher average 
relative velocity in this configuration leads to a less de- 
sirable velocity profile across the surface of the sub- 

s strate, and therefore, poor uniformity of polish. 

This problem is solved by using a linear polisher. In 
a linear polisher, instead of a rotating pad, a belt moves 
a pad linearly across the substrate surface to provide a 
more uniform velocity profile across the surface of the 

10 substrate. The substrate is still rotated for averaging out 
local variations as with a rotating polisher. Unlike rotat- 
ing polishers, however, linear polishers result in a uni- 
form polishing rate across the substrate surface 
throughout the CMP process for uniformly polishing the 

15 substrate. 

Additionally, linear polishers are capable of using 
flexible belts, upon which the pad is disposed, This flex- 
ibility allows the belt to flex, which can cause a change 
in the pad pressure being exerted on the substrate. A 

20 fluid bearing formed by a stationary platen can be uti- 
lized to control the pad pressure being exerted on a sub- 
strate at various locations along the substrate surface, 
thus controlling the profile of the polishing rate across 
the substrate surface. 

25 Linear polishers are described in a patent applica- 
tion titled "Control of Chemical-Mechanical Polishing 
Rate Across A Substrate Surface;" Serial No. 
08/638,464; filed April 26, 1 996 and in a patent applica- 
tion titled "Linear Polisher and Method for Semiconduc- 

30 tor Wafer Planarization;" Serial No. 08/759,172; filed 
December 3, 1 996. Fluid bearings are described in a 
patent application titled "Control of Chemical-Mechani- 
cal Polishing Rate Across A Substrate Surface For A 
Linear Polisher;" Serial No. 08/638,462; filed April 26, 

35 1996 and in U.S. Patent No. 5,558,568. 

Rotating CMP systems have been designed to in- 
corporate various in-situ monitoring techniques. For ex- 
ample, U.S. Patent No. 5,081,421 describes an in-situ 
monitoring technique where the detection is accom- 

40 plished by means of capacitively measuring the thick- 
ness of the dielectric layer on a conductive substrate. 
U.S. Patent Nos. 5,240,552 and 5,439,551 describe 
techniques where acoustic waves from the substrate 
are used to determine end point. U.S. Patent No. 

45 5,597,442 describes a technique where the end point is 
detected by monitoring the temperature of the polishing 
pad with an infrared temperature measuring device. U. 
S. Patent No. 5,595,526 describes a technique where a 
quantity approximately proportional to a share of the to- 

50 tal energy consumed by the polisher is used to deter- 
mine end point. U.S. Patent Nos. 5,413,941, 5,433,651 
and European Patent Application No. EP 0 738 561 A1 
describe optical methods for determining end point. 
In U.S. Patent No. 5,41 3,941 , a laser light impinges 

ss onto an area ofthe substrate at an angle greater than 
70° from a line normal to the substrate, the impinged 
laser light predominantly reflecting off the area as op- 
posed to transmitting through. The intensity of the re- 
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ffected light is used as a measure of a change in degree 
of planarity ofthe substrate as a result of polishing. In U. 
S. Patent No. 5,433,651 , the rotating polishing table has 
a window embedded in it, which is flush with the table 
as opposed to the polishing pad. As the table rotates, 
the window passes over an in-situ monitor, which takes 
a reflectance measurement indicative ofthe end point of 
the polishing process. In European Patent Application 
No. EP 0 738 561 A1 , the rotating polishing table has a 
window embedded in it, which, unlike the one in the '651 
patent, is flush with or formed from the polishing pad. A 
laser interferometer is used as the window passes over 
an in-situ monitor to determine the end point of the pol- 
ishing process. 

A linear polisher capable of in-situ monitoring for 
end point detection using a laser interferometer is de- 
scribed in U.S. Patent Application Serial No. 
(Attorney Docket No. 7103/27), as- 
signed to the assignee of the present application. 

Laser interferometry, however, has some inherent 
disadvantages. First, it measures absolute intensity of 
light emitting from an overlying substrate layer, and is 
dependent upon the material being polished. Second, 
in laser interferometry the operator cannot directly de- 
termine whether the film thickness being measured by 
the incident light is actually the desired finished thick- 
ness or some integer multiple thereof. 

Additionally, an inherent limitation of these end 
point detection monitoring systems is that one has to 
analyze the interference curve and fit it to a reasonable 
approximation. Thus, depending upon the wavelength 
used and the film properties, there is a finite amount of 
removal (2000-4000 A) before the interference curve 
can be fitted to a reasonable amount of accuracy. Fur- 
ther, using a single wavelength can, at best, only provide 
the removal rate, and based on the removal rate and 
prior knowledge of the initial thickness of the oxide, one 
can estimate the residual thickness of the oxide. Usually 
in a production fab, the initial thickness of the dielectric 
varies within the control limits ofthe deposition/growth 
process. Therefore, the assumption of a particular initial 
thickness of oxide will create at least an error equivalent 
to the natural (6 sigma) scatter of the deposition proc- 
ess. Further, the need for removing at least 2000-4000 
A before a reasonable estimate of the removal rate can 
be made can be difficult to implement, especially in mul- 
ti-cluster tools where the process demands that each 
cluster remove less than 2000 A. 

There is, accordingly, a need to provide thickness 
measurement in situ with CMP processes using either 
(i) platen-based systems such as those that rotate about 
their own axis, rotate in an orbital manner, or oscillate 
in a linear or circular manner, (ii) belt-based systems 
such as those that use endless or non-endless belts, or 
(iii) oscillating carrier head systems to overcome the dis- 
advantages found in the prior art. 



Summary of the Invention 

This invention relates to chemical-mechanical pol- 
ishing (CMP) of a substrate using a polishing tool and a 
s film thickness monitor for providing a thickness of a sub- 
strate layer. 

According to a first aspect of the invention, a pol- 
ishing device has a polishing element having an opening 
placed in it and moving along a polishing path. A moni- 
toring window is secured to the polishing element to 
close the opening and to create a monitoring channel. 
A film thickness monitor views a substrate through the 
monitoring channel to provide an indication of a thick- 
ness of a film carried by the substrate. 

According to a second aspect of the invention, the 
film thickness monitor comprises an ellipsometer, a 
beam profile reflectometer, or an optical stress genera- 
tor beam and monitoring probe. 

According to a third aspect of the invention, the film 
thickness monitor comprises a light source. 

According to a fourth aspect of the invention, the 
moving means comprises a plurality of rollers operative 
to drive the polishing element in a linear path past the 
substrate, a platen rotating about an axis that passes 
through its center operative to drive the polishing ele- 
ment in a curved path past the substrate, a platen rotat- 
ing about an axis that does not pass through its center 
operative to drive the polishing element in a curved path 
past the substrate, or a platen moving along a closed 
path operative to drive the polishing element in a curved 
path past the substrate. 

According to a fifth aspect of the invention, the sub- 
strate carrier moves along a closed path. 

According to a sixth aspect of the invention, the pol- 
ishing element is used in a method for determining the 
thickness of a substrate layer. 

According to a seventh aspect of the invention, a 
polishing element is used in a method for determining 
an end point of the CMP process by repeatedly meas- 
uring film thickness of a substrate to determine whether 
a predefined thickness has been reached, in which case 
the fact that end point has been reached can be indicat- 
ed and the CMP process can be terminated. 

According to an eighth aspect of the invention, a 
polishing element is used in a method for determining 
removal rate at any given circumference of a substrate 
while performing CMP by determining the difference be- 
tween two consecutive film thickness measurements 
made through the same monitoring channel in the pol- 
ishing element. 

According to a ninth aspect of the invention, a pol- 
ishing element is used in a method for determining av- 
erage removal rate across a substrate surface while per- 
forming CMP by determining the average of the differ- 
ences between at least two consecutive film thickness 
measurements taken by at least two film thickness mon- 
itoring devices. 

According to a tenth aspect of the invention, a pol- 
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ishing element is used in a method for determining re- 
moval rate variation across a substrate surface while 
performing CMP by determining the variation of the dif- 
ferences between at least two consecutive film thick- 
ness measurements taken by at least two film thickness 
monitoring devices. 

According to an eleventh aspect of the invention, a 
polishing element is used in a method for optimizing the 
CMP process by characterizing a polishing process to 
determine effects of processing parameters; and then 
determining removal rate and removal rate variation; 
and then adjusting the polishing process parameters to 
optimize the removal rate and uniformity. 

Brief Description of the Drawings 

Figure 1 is a schematic view of a prior-art linear pol- 
isher. 

Figure 2 is across-sectional view of a linear polisher 
of a first preferred embodiment. 

Figure 3 is a plan view showing a placement of 
openings in a platen and a pattern of openings on a belt 
to align with the openings in the platen. 

Figure 4 is a cross-sectional view of a fiber-optic 
transmission line disposed between two layers of a belt 
to provide for an extended optical signal path from an 
outer surface of the belt to a first side surface of the belt. 

Figure 5 is a plan view showing a placement of 
sensing locations in a belt, but not in a platen, in which 
a fiber optic arrangement of Figure 4 is employed with 
multiple film thickness monitors. 

Figure 6 is a plan view showing a placement of 
sensing locations in a belt, but not in a platen, in which 
a fiber optic arrangement of Figure 4 is employed with 
only one film thickness monitor. 

Figure 7 is a schematic diagram of a rotating platen 
CMP device with a film thickness monitor. 

Figure 8 is a schematic diagram of a film thickness 
monitor that includes an ellipsometer. 

Figure 9 is a plan view showing a placement of a 
plurality of openings in a platen and a belt having only 
one opening. 

Detailed Description of the Presently Preferred 
Embodiments 

FIRST PREFERRED EMBODIMENT 
j— 

Turning now to the drawings, Figure 1 illustrates a 
prior art linear polisher 100 utilized in planarizing a sub- 
strate (not shown) through a technique generally known 
in the art as chemical-mechanical polishing (CMP). As 
shown in this figure, the linear polisher 100 has a sub- 
strate carrier 110 attached to a polishing head 105 that 
secures the substrate. The substrate is positioned on a 
belt 120, which moves about first and second rollers 130 
and 135. As used herein, "belt" refers to a closed-loop 
element comprising at least one layer, at least one layer 



is a layer of polishing material. A discussion of the layer 
(s) of the belt element is developed below. 

A polishing agent dispensing mechanism 140 pro- 
vides a polishing agent 150 on top of the belt 120. The 
s polishing agent 150 moves under the substrate along 
with the belt 120 and may be in partial or complete con- 
tact with the substrate at any instant in time during the 
polish process. A platen 1 55 supports the belt 1 20 under 
the substrate carrier 110. 

Generally, the substrate carrier 110 rotates the sub- 
strate over the belt 1 20. A mechanical retaining means, 
such as a retainer ring and/or a vacuum typically holds 
the substrate in place. 

The belt 120 is continuous and rotates about the 
rollers 130, 135, Driving means, such as a motor (not 
shown), rotate the rollers 130, 135, causing the belt 120 
to move in a linear motion with respect to the surface of 
the substrate. 

As the belt 120 moves in a linear direction, the pol- 
ishing agent dispensing mechanism 140 provides pol- 
ishing agent 150 to the belt 120. A conditioner (not 
shown) is typically used to recondition the belt 120 dur- 
ing use by constantly scratching the belt 120 to remove 
polishing agent residue build-up and/or pad deforma- 
tion. 

The belt 1 20 moves between the platen 1 55 and the 
substrate, as shown in Figure 1. A primary purpose of 
platen 1 55 is to provide a supporting platform on the un- 
derside of the belt 1 20 to ensure that the belt 1 20 makes 
sufficient contact with the substrate for uniform polish- 
ing. Typically, the substrate carrier 110 presses down- 
ward against the belt 1 20 with appropriate force, so that 
the belt 120 makes sufficient contact with the substrate 
for performing CMP. Since the belt 120 is flexible and 
will depress when the substrate presses downward onto 
it, the platen 155 provides a necessary counteracting 
support to this downward force. 

The platen 155 can be a solid platform or it can be 
a fluid bearing (which includes one or more fluid chan- 
nels). A fluid bearing is preferred because the fluid flow 
from the platen 1 55 can be used to control forces exert- 
ed against the underside of the belt 120. By such fluid 
flow control, pressure variations exerted by the belt 120 
on the substrate can be controlled to provide a more uni- 
form polishing rate of the substrate. Examples of fluid 
bearings are disclosed in the aforementioned patent ap- 
plications and in U. S. Patent No. 5,558,568, each in- 
corporated by reference. 

Figure 2 shows a cross section of a first preferred 
embodiment of the present invention, which represents 
an improvement to the prior-art linear polisher 100 de- 
scribed above, As in the prior-art embodiment, the linear 
polisher 200 of Figure 2 comprises a substrate carrier 
210, a layer of polishing agent 215, a belt 220, and a 
platen 240 for performing CMP on a substrate (not 
shown). The belt 220 has a layer of polishing material 
(not shown), an inner surface 201 , and an outer surface 
202. (The composition of the belt 220 is described in 
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more detail below.) New to this embodiment is an open- 
ing 230 in the belt 220 (extending from its inner surface 
201 to its outer surface 202) and an opening 245 in the 
platen 240. Additionally, a layer of liquid mist such as 
that of de-ionized water 255 lies between the belt 220 5 
and the platen 240. 

This embodiment performs CMP in the same way 
as the prior-art linear polisher 100 described above. Un- 
like the above-described polisher 100, this polisher 200 
can be used with an in-situ film thickness monitor 250. 
Specifically, the openings 230, 245 in the belt 220 and 
the platen 240 are used for in-situ monitoring of the sub- 
strate by the monitor 250. As the belt 220 moves linearly 
under the substrate during the CMP process, the open- 
ing 230 in the belt 220 passes over the opening 245 in 
the platen 240. When the openings 230, 245 align (as 
shown in Figure 2), an optical circuit is completed be- 
tween the substrate and the film thickness monitor 250, 
and in-situ monitoring can be performed. The monitoring 
process will be discussed in greater detail befow. 

While they can be left open, the openings 230, 245 
in the belt 220 and the platen 240 have monitoring win- 
dows 232, 242 embedded in them. The monitoring win- 
dow 232 in the belt 220 is substantially transparent to 
light within a selected range of optical wavelengths and 
extends completely or partially between the inner 201 
and outer 202 surfaces of the belt 220. Generally, the 
monitoring window 232 in the belt 220 ensures that no 
polishing agent 215 or water leaks to the underside of 
the belt 220. By being flush with the outer surface 202 
of the belt 220, implications with the polishing process 
are avoided. By being flush with the inner surface 201 
of the belt 220, the creation of turbulent regimes in the 
fluid bearing of the platen 240 is avoided (though, it 
could be just a little raised or recessed). 

Unlike the windows in the prior art, rotating platen 
systems, the monitoring window 232 should also be flex- 
ible enough to ride over the rollers (which can range 
from 2 to 40 inches in diameter) moving the belt 220 and 
should be made of a material that will have a minimum 
effect on the polishing results due to its presence. De- 
pending on the monitoring system used, the monitoring 
window 232 may also need a particular optical charac- 
teristic (e.g., maximum transmission of radiation from 
about 200 nm up to about 2000 nm in wavelength with 
minimum absorption or scattering). 

The monitoring window 242 filling the opening 245 
in the platen 240 is preferably flush with the top surface 
of the platen 240 to prevent polishing agent from flowing 
into the film thickness monitor 250 and to avoid creation 
of turbulent regions in the fluid bearing of the platen 240. 
As with the monitoring window 232 in the belt 220, the 
monitoring window 242 in the platen 240 preferably pro- 
vides desired optical characteristics [e.g., maximum 
transmission of the spectrum of light being generated 
from the monitor 250 and reflected from the surface of 
the substrate). 



SECOND PREFERRED EMBODIMENT 

While the belt 220 of the above embodiment con- 
tains only one opening, a plurality of openings can be 
used. As shown in Figure 3, the belt 310 can contain a 
plurality of openings 320, 322, 324, 326, 328. For each 
opening 320, 322, 324, 326, 328 in the belt 310, there 
is a corresponding opening 330, 332, 334, 336, 338 in 
the platen underthe substrate carrier 340. Each opening 
330, 332, 334, 336, 338 is aligned with a respective film 
-thickness monitor. As above, each opening can be 
closed by a monitoring window. 

In this figure, there are five openings, one at the 
center of the substrate and four arranged at 90 degree 
intervals. It is appreciated that the number or the pattern 
of the openings is a design choice. For example, the 
openings can be linearly or concentrically arranged. 
With several film thickness monitors distributed under 
respective locations of the belt 310, non-uniformity of 
the polishing process across the substrate surface can 
be ascertained. 

Alternatively, as Figure 9 shows, a single opening 
920 in the belt 910 can be used with multiple openings 
930, 932, 934 in the platen, each opening corresponding 
to a respective film thickness monitor. As above, each 
opening can be closed by a monitoring window. The 
openings 930, 932, 934 in the platen are aligned in a 
straight line parallel to belt 910 motion. When the belt 
opening 920 is aligned with one of the openings 930, 
932, 934 in the platen, the film thickness monitor corre- 
sponding to that platen opening can make a measure- 
ment of the surface condition of the polished object. With 
this arrangement, the condition of multiple areas of the 
surface can be monitored with a single opening in the 
belt 910. It is important to note that the number and po- 
sition of platen openings, as well as the number of 
straight lines parallel to the belt 91 0, is a design choice. 

THIRD PREFERRED EMBODIMENT 

Figure 4 shows another alternative embodiment. 
Here, there is no opening in the platen for a monitoring 
channel. Instead, an opening 420 is formed in the belt 
415 for an extended monitoring channel. This figure 
shows a belt 415 having two layers (one of which is layer 
410), an inner surface 401 , an outer surface 402, a first 
side surface 403, and a second side surface 404. The 
monitoring channel 420 is such that the optical path trav- 
els laterally parallel to the upper surface of one layer 
41 0 of the belt 41 5 from the outer surface 402 to the first 
side surface 403. A film thickness monitor 440 is posi- 
tioned adjacent to the first side surface 403 of the belt 
41 5, instead of under the belt 41 5. 

In this embodiment, a monitoring window fills the 
opening 420 to complete the optical circuit from the sub- 
strate to the film thickness monitor 440. This monitoring 
window can be a flexible fiber optic element. 

As with the embodiments described above, this ap- 
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proach can be implemented with more than one moni- 
toring channel. Figure 5 shows a plan view of an em- 
bodiment having a plurality of monitoring channels 520, 
522, 524, 526, 528. Here, a linearly aligned, slanted hole 
pattern is shown formed on the belt 510. The distal end 
of the fiber-optic transmission lines are terminated ad- 
jacent to a row of film thickness monitors 530, 532, 534, 
536, 538 arranged along the side of the linearly moving 
belt 510. In this arrangement, the positions of the film 
thickness monitors can be adjusted to align with the op- 
tic fibers, since the film thickness monitors can be made 
movable. Thus, this embodiment allows for less strin- 
gent requirement in the placement of the monitoring 
channels, since adjustments can be made in the posi- 
tions of the film thickness monitors 530, 532, 534, 536, 
538. 

While a plurality of film thickness monitors are 
shown in Figure 5, a single film thickness monitor 630 
can be used, as Figure 6 illustrates. This single film 
thickness monitor 630 is positioned along side the mov- 
ing belt 61 0 and takes the place of multiplefilm thickness 
monitors. In this embodiment, the optical-fiber-fiiled 
monitoring channels 620, 622, 624, 626, 628 can be 
made to traverse across the film thickness monitor 630 
in a linear arrangement. Although detection cannot be 
performed simultaneously in multiple monitoring chan- 
nels, as when multiple film thickness monitors are uti- 
lized, data can still be obtained for each monitoring 
channel. 

It is important to note that in the above alternatives, 
the monitoring channel can either extend from the outer 
to the first side surface (in which case the monitor can 
be positioned along the side of the belt) or extend from 
the outer surface to the inner surface of the belt (in which 
case the monitor can be at least partially disposed within 
the belt). It is also important to note that the pattern of 
openings on the belt may be repeated more than once 
in order to obtain multiple measurements per belt rota- 
tion. This provides more data points per unit time, there- 
by improving the quality of the results obtained. 

In each of the embodiments described above that 
use a linear polishing element, an optical circuit is com- 
pleted during the polishing process when the monitoring 
channel in the belt is aligned with the film thickness mon- 
itor, as detected by a sensor. The sensor is preferably 
a short distance diffuse reflex sensor (such as Sunx 
model number CX-24). The sensor enables the film 
thickness monitor to measure the surface state of the 
substrate being polished. Unlike the sensors used in ro- 
tary platen systems described below, this sensor does 
not detect when a wafer is aligned with a single moni- 
toring channel in a moving platen, but rather detects 
when the monitoring channel in the belt is aligned with 
the film thickness monitor. 

BEST MODE AND BELT CONSTRUCTS JN 

Using a fluid bearing (preferably air) is more advan- 



tageous than using a solid platen, since monitoring data 
can be used to adjust the fluid pressure at varying loca- 
tions of the platen to provide in-situ correction during the 
polishing process. It is preferred that the platen have 

5 about 1 -30 fluid flow channels. It is also preferred that 
a pre-wet layer of de-ionized water mist be used be- 
tween the platen and the belt to sweep away any pol- 
ishing agent that happens to come underneath the belt, 
preventing blockage of the flow channels. 

10 The monitoring window in the platen is preferably 
made from a hard, scratch-resistant material such as 
sapphire. A sapphire windowfromthe Swiss lewel Com- 
pany (Part No. W12.55) is preferred. The monitoring 
window in the platen is secured in place with an adhe- 

is sive sufficiently strong to withstand the conditions of the 
CMP process. It is preferred that the monitoring window 
have an anti-reflection coating on one or more surfaces. 

In using the above embodiments, it is preferred that 
a carrier film such as that available from Rodel (DF200) 

20 be used between the substrate and the substrate carrier. 
The substrate carrier preferably presses the substrate 
against the belt with a pressure of about 5 psi. 

The polishing agent has a pH of about 1 .5 to about 
12. One type of polishing agent that can be used is 

25 Klebesol available from Hoechst, although other types 
of polishing agent can be used depending on the appli- 
cation. 

During the CMP process, the rollers preferably ro- 
tate at a rate so as to provide a belt speed of about 400 
30 ft/min. The belt should be tensioned with a force of about 
600 lbs. 

As mentioned above, a °belf comprises at least one 
layer of material, one of which is a layer of polishing ma- 
terial. There are several ways in which to construct a 

35 belt. One way uses a stainless steel belt, which can be 
purchased from Belt Technologies, having a width of 
about 14 inches and a length of about 93.7 inches, inner 
diameter. (In addition to stainless steel, a base layer se- 
lected from the group consisting of aramid, cotton, met- 

40 al, metal alloys, or polymers can be used.) The preferred 
construction of this mufti-layered belt is as follows. 

The stainless steel belt is placed on the set of rollers 
of the CMP machine and is put under about 2,000 lbs 
of tension. When the stainless steel belt is under ten- 

45 sion, a layer of polishing material, preferably Rodel's IC 
1000 polishing pad, is placed on the tensioned stainless 
steel belt. An underpad, preferably made of PVC, is at- 
tached to the underside of the stainless steel belt with 
an adhesive capable of withstanding the conditions of 

50 the CMP process. The constructed belt preferably will 
have a total thickness of about 90 mils: about 50 mils of 
which is the layer of polishing material, about 20 mils of 
which is the stainless steel belt, and about 20 mils of 
which is the PVC underpad. 

55 There are several disadvantages of the above con- 
struction method. First, because the stainless steel belt 
needs to be tensioned on the rollers, there is down time 
for the CMP machine. Second, this construction re- 
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quires technicians and time to place the pad on the 
stainless steel belt. 

To overcome these disadvantages, the belt can be 
formed as one integrated component as described in a 
patent application titled "Integrated Pad and Belt for 
Chemical Mechanical Polishing;" Serial No. Serial No. 
08/800,373, filed February 14, 1997, hereby incorporat- 
ed by reference. The preferred construction of such an 
assembly follows. 

This belt is formed around a woven Kevlar fabric. It 
has been found that a 16/3 Kevlar, 1500 Denier fill and 
a 16/2 cotton, 650 Denier warp provide the best weave 
characteristics. As is well known in the art, "fill" is yarn 
in the tension-bearing direction, and "warp" is yarn in 
the direction perpendicular to the tension bearing direc- 
tion. "Denier" defines the density and diameter of the 
mono-filament. The first number represents the number 
of twists per inch, and the second number refers to the 
number of filaments that are twisted in an inch. 

The woven fabric is placed in a mold that preferably 
has the same dimensions as the stainless steel belt de- 
scribed above. A clear polyurethane resin (as described 
in more detail below) is poured into the mold under a 
vacuum, and the assembly is then baked, de-molded, 
cured, and ground to the desired dimension. The resin 
may be mixed with fillers or abrasives in orderto achieve 
desired material properties and/or polishing character- 
istics. Since fillers and abrasive particles in the polishing 
layer may scratch the polished article, it is desired that 
their average particle size be less than about 100 mi- 
crons. Such a belt can be obtained pre-constructed from 
Belting Industries. 

Instead of molding and baking the woven fabric with 
polyurethane, a layer of polishing material, preferably a 
Rodel IC 1 000 polishing pad, can be attached to the wo- 
ven fabric or the preconstructed belt as it was on the 
stainless steel belt. 

In any of these belt constructions, fillers and/or 
abrasive particles (having an average particle size less 
than 100 microns) can be dispersed throughout the pol- 
ishing layer to enable use of lower concentration of abra- 
sive particles in the polishing agent. The reduction of 
abrasive particle concentration in the polishing agent 
leads to substantial cost savings (typically, polishing 
agent costs represent 30-40% of the total cost of CMP 
processes). It also leads to a reduction in light scattering 
due to the presence of polishing agent particles. This 
reduces noise in the signal obtained by the monitor and 
helps in getting more accurate and repeatable results. 

The polishing layer may also comprise a polishing 
agent transport channel. The polishing agent transport 
channel is a texture or pattern in the form of grooves 
(depressions) etched or molded into the surface of the 
polishing layer. These grooves may be, for example, of 
rectangular, U-, or V-shape. Typically, these channels 
are less than 40 mils deep, and less than 1 mm wide at 
the polishing layer's upper surface. The polishing agent 
transport channels are typically arranged in a pattern 



such that they run the length of the polishing surface. 
However, they may be arranged in any other pattern as 
well. The presence of these channels greatly enhances 
the transport of polishing agent between the polishing 
s layer and polish substrate. This leads to improved pol- 
ishing rates and uniformity across the substrate surface. 

With any of the belts described above, a hole may 
be punched in the belt at the desired location to form the 
opening The opening in the belt is preferably % inch in 
width (across the belt) by 3 A h inches in length (along the 
belt). 

The monitoring window filling the opening in the belt 
can be made up of a variety of materials such as clear 
polyurethane (solid, filled, blown or extruded), PVC, 
clear silicone, or many other plastics. It is preferred, 
however, that clear polyurethane be used, as this ma- 
terial has maximum transmission of radiation from about 
200 nm up to about 2000 nm in wavelength with mini- 
mum absorption or scattering. A suitable clear urethane 
resin can be purchased as "Calthane ND 2300 System" 
and "Calthane ND 3200 System" from Cal Polymers, 
Inc., 211 5 Gaylord St., Long Beach, California. The layer 
of polishing material can be made from a similar material 
to ensure minimum effect on the polishing results. 

The monitoring window can be secured in the open- 
ing with an adhesive sufficiently strong to hold the mon- 
itoring window in place during the CMP process The ad- 
hesive is preferably 2141 Rubber and Gasket adhesive 
available from 3M, Minneapolis, Minnesota. 

Alternatively, the monitoring window can be molded 
directly in the belt. For the belt with a stainless steel lay- 
er, the polyurethane resin can be cast in the opening. A 
casting with a mirror-finished rubber lining can be placed 
on both sides of the opening during the curing process. 
For the belt with the woven fabric layer, openings can 
be made in the woven fabric before placing it in the mold. 
After the baking process described above, the opening 
in the belt would contain the polyurethane monitoring 
window. 

As an alternative to placing openings in the belt, 
each layer of the belt can be partially or completely 
made of a material substantially transparent to light with- 
in a selected range of optical wavelengths, such as 
about 200 nm to about 2000 nm, eliminating the need 
to provide a monitoring window in the belt. For example, 
the fabric may be woven with Kevlar or some other ma- 
terial so as to provide openings in the fabric, or may be 
constructed with optically clear fiber. Clear polyurethane 
(or some other clear material) is then molded onto the 
fabric in a manner described above. This results in a belt 
assembly that is appropriate for film thickness measure- 
ments. 

FOURTH PREFERRED EMBODIMENT 

Figure 7 illustrates a fourth preferred embodiment. 
In this embodiment, a rotating polishing device 700 is 
used for CMP instead of a linear belt. Such an apparatus 
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is well known in the art (U.S. Patent Nos. 5,329,732; 
5,081,796; 5,433,651; 4,193,226; 4,811,522; and 
3,841,031, hereby incorporated by reference). 

As shown in Figure 7, a rotating wafer holder 720 
supports a wafer, and a polishing element (a polishing s 
pad 730 on a platen 712) rotates relative to the wafer 
surface. The wafer holder 720 presses the wafer surface 
against the polishing pad 730 during the planarization 
process and rotates the wafer about a first axis 71 0 rel- 
ative to the polishing pad 730 (see, for example, U. S. 
Patent No. 5,329,732). The polishing pad 730 is typically 
a relatively soft wetted material such as blown poly- 
urethane and it, with the platen 712, rotates around an 
axis715 (unlike the stationary platen used with the linear 
belt). 

The mechanical force for polishing is derived from 
the speed of the polishing pad 730 rotating about a sec- 
ond axis 715 different from the first 710 and the down- 
ward force of the wafer holder 720. A polishing agent 
(per the specifics described above for the linear polish- 
ing tool) is constantly transferred under the wafer holder 
720, and rotation of the wafer holder 720 aids in polish- 
ing agent delivery. 

Since the polishing rate applied to the wafer surface 
is proportional to the relative velocity between the sub- 
strate and the polishing pad 730, the polish rate at a 
selected point on the wafer surface depends upon the 
distance of the selected point from the two primary axes 
of rotation - that of the wafer holder 720 and that of the 
polish pad 730. This results in a non-uniform velocity 
profile across the surface of the substrate, and there- 
fore, in a non-uniform polish. 

In situ monitoring can take place with such an ap- 
paratus by providing an opening 740 in the rotating plat- 
en 712, in the polishing pad 730, or both. A monitoring 
window secures to the polishing element to close the 
opening in at least the platen 71 2, creating a monitoring 
channel in the polishing element. A film thickness mon- 
itor 750 is disposed under the opening 740 at certain 
times during the angular rotation of the platen 712 and 
polishing pad 730. (The use of the monitor 750 is de- 
scribed in more detail below.) It is important to note that 
multiple openings, monitoring windows, and film thick- 
ness monitors can be used. 

In addition to a platen rotating about an axis that 
passes through its center, a platen rotating about an axis 
that does not pass through its center can be used to 
drive the polishing element in a curved path past the 
substrate. Additionally, the platen can move along a 
closed path to drive the polishing element in a curved 
path past the substrate. (See Parikh et al., "Oxide CMP 
on High-Throughput Orbital Polisher, 8 Feb. 13-14, 1997 
CMP-MIC Conference and WO 96/36459.) Also, in any 
of the CMP systems described above, the substrate car- 
rier can move along a closed path. 



FILM THICKNESS MONITORS 

The film thickness monitor, mentioned above, can 
be used to calculate the thickness ofa layer on a sub- 
strate. The following is a discussion of three types of 
thickness monitoring techniques. 

Ellipsometrv 

The thickness of a film of a substrate can be calcu- 
lated by using ellipsometry, as described in U.S. Pat. 
Nos. 5,166,752, 5,061,072, 5,042,951, 4,957,368, 
4,681 ;450, 4,653,924, 4,647,207 and 4,516,855, each 
of which is hereby incorporated by reference. 

Figure 8 shows the components of a system 800 
using ellipsometry. The system 800 comprises a light 
source 820, a beam property selector 815, a beam 
former 810, a beam receiver 825, a reflected beam an- 
alyzer 830, and a data processor 835. This system 800 
is used to calculate the thickness of a film on a substrate 
890 positioned on a CMP tool 895 {e.g., a rotating belt 
or a linear belt) as described below. 

The light source 820 generates optical radiation, 
which is polarized by the beam property selector 815. 
The beam former 810 focuses the polarized light beam 
on a substrate 890. As shown in Figure 8, the polarized 
light beam passes through a window (Le. t the monitoring 
channel) 893 of the CMP tool 895. The beam receiver 
825 captures the polarized light beam reflected by the 
substrate 890. The reflected beam analyzer 830 meas- 
ures polarization changes in the beam associated with 
reflectance from the substrate. 

Such polarization changes, which may include both 
amplitude and phase changes, are sensitive to the thick- 
ness and optical properties of the film on the substrate 
890. It is from these changes that the data processor 
835 calculates the thickness of the film on the substrate 
890. 

Ellipsometry typically uses oblique illumination, i.e. 
the angle of incidence e between the incident light beam 
and the normal to the substrate is preferably greater 
than zero. The angle between a reflected light beam and 
the normal is also equal to the angle of incidence 0. The 
angle of incidence 0 should be close to the Brewster 
angle of the film. In practice, the preferred angle of inci- 
dence 0 ranges from 45° to 70°. Ellipsometry is well 
suited for monitoring film thickness, even for thin films 
having a thickness in the range of 0-1 00A. 

Beam Profile Reflectometrv 

In another monitoring system, the thickness of a film 
of a substrate is calculated by using a beam profile re- 
flectometer, as known in the art as multiple-angle illumi- 
nation. In this system, the intensity profile of a reflected 
beam is measured, and the S- and P-polarization reflec- 
tivities of a sample are simultaneously obtained over a 
wide range of angles. Such a system is described in 
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■Multiparameter Measurements of Thin Films Using 
Beam-Profile Reflectometry," J. Appl. Phys. Vol. 73 No. 
11 7035-7040 (1 June 1993), which contains additional 
references concerning this system. 

Stress Pulse Analyzer 

I n another monitoring system, the thickness of a film 
is obtained using a system that generates stress pulses 
(ultrasound waves) by means of shon optical pulses 
(pump beam). By monitoring the stress pulse or ultra- 
sound wave with a probe beam and analyzing the prop- 
agation throughout the film or film stack, the film thick- 
ness can be determined. Such a system is described in 
U.S. Patent No. 4,710,030 (hereby incorporated by ref- 
erence) and in "Picosecond Ultrasonics," IEEE Journal 
of Quantum Electronics, Vol. 25, #1 2 p.2562 (December 
1989). 

It is important to note that the above film thickness 
monitors are merely examples and that other tech- 
niques that provide thickness can be used. For example, 
thickness can be preferably measured with multi-wave- 
length spectroscopy (as described in U.S. Patent Appli- 
cation Serial No. (Attorney Docket 

No. 7103/29), assigned to the assignee of the present 
application, hereby incorporated by reference). 

The above embodiments can be used in a method 
for determining the thickness ofa substrate layer during 
the CMP process. First, a substrate carrier would hold 
a substrate against a linearly moving belt or a rotating 
platen, either having a monitoring channel (as described 
above) and being wetted with a polishing agent When 
the monitoring channel in the belt or rotating platen 
aligns with the film thickness monitor, thickness of the 
layer of the substrate can be determined by using ellip- 
sometry, beam profile reflectometry, or a stress pulse 
analyzer. 

Information regarding thickness has several uses. 
For example, it is important to stop the CMP process 
upon the removal of the last unwanted layer. As a con- 
sequence, end point detection is necessary and highly 
desirable when the last layer has been removed. End 
point detection can be determine by the thickness ofthe 
substrate layer. With this information, the CMP process 
can automatically or manually end. 

Specifically, when a monitoring channel in the CMP 
tool aligns with a film thickness monitor, an optical circuit 
is completed between the film thickness monitor and the 
substrate. This enables measurement of the surface 
state of the substrate. Each time a monitoring channel 
in the CMP tool is aligned with a film thickness monitor, 
a film thickness measurement is made, resulting in a se- 
quence of film thickness measurements during the CMP 
process. Therefore, the film thickness monitors de- 
scribed above may be used to determine and indicate 
the end point and may be used to manually or automat- 
ically and the CMP process in the above-described em- 
bodiments. 



Thickness information can also be used in a method 
for determining removal rate at any given circumference 
of a substrate while performing a chemical-mechanical 
polishing process. When a monitoring channel in the 
5 CMP tool aligns with a film thickness monitor, the film 
thickness monitor determines film thickness at any giv- 
en circumference on the substrate as described above. 
The difference of two consecutive film thickness meas- 
urements made through the same monitoring channel 
in the CMP tool is the film removal rate per polishing 
element revolution. Therefore, for a known tool speed, 
removal rate of the substrate is determined as thickness 
per unit time. 

This method can also be adapted to determine the 
removal rate variation and average removal rate across 
a substrate surface. This is achieved in a similar manner 
to that described above, but with the use of multiple 
monitoring channels in CMP tool. In this case, each 
monitoring channel results in a film thickness measure- 
ment at a predefined circumference of the wafer sub- 
strate. Therefore, with every polishing element revolu- 
tion, multiple film thickness measurements are made 
across the substrate surface. As described above, each 
ofthe measurement is converted into a removal rate. 
The average and variation of the removal rate across 
the substrate surface is thus computed. For example, 
the standard deviation of the measurements is indica- 
tive of the removal rate variation across the substrate 
surface. 

Additionally, information regarding thickness can be 
used to adjust processing parameters of the CMP de- 
vice. Removing uniformity can change during polishing 
of a substrate as a result of changes in belt (or moving 
platen) and substrate carrier conditions. With the film 
thickness monitors described above, the thickness of a 
substrate layer can be used to determine whether, for 
example, the center of the substrate is being polished 
at the same rate as the edge of the substrate. With this 
information, the polishing tool parameters can be mod- 
ified, either manually or automatically, to compensate 
for the detected non-uniformity. 

More specifically, the polishing process is first char- 
acterized in order to determine the effects of polish pa- 
rameters such as polish pressure, belt or platen speed, 
carrier speed, polishing agent flow, etc. on responses 
such as substrate removal rate, uniformity, etc. A suita- 
ble model may be generated using software such as RS/ 
I available from BBN Software. During the polishing 
process, removal rate and removal rate variation across 
the substrate (uniformity) are determined as described 
above. This information would then be used in conjunc- 
tion with the model developed to adjust the polish pa- 
rameters (such as, but not limited to, down force, tool 
speed, and carrier speed) in order to optimize the re- 
moval rate and/or uniformity. This optimization may hap- 
pen either in real time or in a delayed manner. 

It is important to note that while "substrate 11 has 
been used as a working example for the above-de- 
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scribed embodiments, any polished object can be used. 

It is intended that the foregoing detailed description 
be understood as an illustration of selected forms that 
the invention can take and not as a definition of the in- 
vention. It is only the following claims, including all 
equivalents, which are intended to define the scope of 
this invention. 



Claims 

1. In a chemical mechanical polishing device of the 
type comprising: a polishing element, means for 
moving the polishing element along a polishing 
path, and a substrate carrier positioned adjacent 
the polishing element to press a substrate against 
the polishing element during a polishing operation; 
the improvement comprising: 

said polishing element having at least one 
opening formed therein, said opening posi- 
tioned to move into intermittent alignment with 
the substrate during the polishing operation; 
said polishing element further comprising a 
monitoring window secured to the polishing el- 
ement to close the opening and to create a 
monitoring channel in the polishing element; 
and 

said device further comprising a film thickness 
monitor, said film thickness monitor comprising 
an ellipsometer responsive to optical radiation 
reflected from the substrate through the moni- 
toring channel during the polishing operation to 
provide an indication of thickness of a film car- 
ried by the substrate. 

2. In a chemical mechanical polishing device of the 
type comprising: a polishing element, means for 
moving the polishing element along a polishing 
path, and a substrate carrier positioned adjacent 
the polishing element to press a substrate against 
the polishing element during a polishing operation; 
the improvement comprising: 

said polishing element having at least one 
opening formed therein, said opening posi- 
tioned to move into intermittent alignment with 
the substrate during the polishing operation; 
said polishing element further comprising a 
monitoring window secured to the polishing el- 
ement to close the opening and to create a 
monitoring channel in the polishing element; 
and 

said device further comprising a film thickness 
monitor, said film thickness monitor comprising 
a beam profile reflectometer responsive to op- 
tical radiation reflected from the substrate 
through the monitoring channel during the pol- 



ishing operation to provide an indication of 
thickness of a film carried by the substrate. 

3. In a chemical mechanical polishing device of the 
5 type comprising: a polishing element, means for 
moving the polishing element along a polishing 
path, and a substrate carrier positioned adjacent 
the polishing element to press a substrate against 
the polishing element during a polishing operation; 
10 the improvement comprising: 

said polishing element having at least one 
opening formed therein, said opening posi- 
tioned to move into intermittent alignment with 

is the substrate during the polishing operation; 

said polishing element further comprising a 
monitoring window secured to the polishing el- 
ement to close the opening and to create a 
monitoring channel in the polishing element; 

20 and 

said device further comprising a film thickness 
monitor, said film thichness monitor comprising 
an optical stress generator beam and monitor- 
ing probe beam responsive to reflected probe 

25 beam radiation from the substrate through the 

monitoring channel during the polishing opera- 
tion to provide an indication of thickness of a 
film carried by the substrate. 

30 4. The invention of Claim 1 , 2, or 3, wherein the sub- 
strate carrier moves along a closed path. 

5. The invention of Claim 1 , 2, or 3, wherein the film 
thickness monitor comprises a light source opera- 

35 tive to illuminate the substrate via the monitoring 
channel with optical radiation during the polishing 
operation. 

6. The invention of Claim 1 , 2, or 3, wherein the mov- 
40 ing means comprises a plurality of rollers operative 

to drive the polishing element in a linear path past 
the substrate. 

7. The invention of Claim 6, wherein the film thickness 
45 monitor further comprises a sensor for detecting 

when the monitoring window in the polishing ele- 
ment is in alignment with the film thickness monitor. 

8. The invention of Claim 1 , 2, or 3, wherein the mov- 
so ing means comprises a platen rotating about an axis 

that passes through its center operative to drive the 
polishing element in a curved path past the sub- 
strate. 

55 9. The invention of Claim 1 , 2, or 3, wherein the mov- 
ing means comprises a platen rotating about an axis 
that does not pass through its center operative to 
drive the polishing element in a curved path past 
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the substrate. 

10. The invention of Claim 1 , 2, or 3. wherein the mov- 
ing means comprises a platen moving along a 
closed path operative to drive the polishing element 
in a curved path past the substrate. 

11. A method for determining a thickness of a layer on 
a substrate during chemical-mechanical polishing 
the method comprising the steps of: 

(a) performing chemical-mechanical polishing 
on a substrate by holding the substrate in a sub- 
strate carrier against a polishing element, the 
polishing element having a monitoring channel 
and being wetted with a polishing agent; and 

(b) using a film thickness monitor to determine 
a thickness of a layer on the substrate during 
chemical-mechanical polishing when the mon- 
itoring channel in the polishing element is 
aligned with the film thickness monitor. 

12. The invention of Claim 11, wherein the film thick- 
ness monitor comprises an ellipsometer 

13. The invention of Claim 11, wherein the film thick- 
ness monitor comprises a beam profile reflectome- 
ter. 

14. The invention of Claim 11, wherein the film thick- 
ness monitor comprises a stress pulse analyzer. 

15. A method for determining an end point of a chemi- 
cal-mechanical polishing process, the method com- 
prising the steps of: 

(a) measuring a film thickness of a substrate 
during a chemical-mechanical polishing proc- 
ess when a monitoring channel in a polishing 
element aligns with a film thickness monitor; 
and then 

(b) repeating step (a) until the measured film 
thickness reaches a predefined thickness; and 
then 

(c) indicating that end point has been reached. 

16. The invention of Claim 15, wherein the film thick- 
ness is measured by an ellipsometer. 

17. The invention of Claim 15, wherein the film thick- 
ness is measured by a beam profile reflectometer. 

18. The invention of Claim 15, wherein the film thick- 
ness is measured by a stress pulse analyzer. 

19. The invention of Claim 15 further comprising the 
step of terminating the chemical-mechanical polish- 
ing process when the film thickness reaches a pre- 



defined thickness. 

20. A method for determining removal rate per polishing 
element revolution at any given circumference of a 

5 substrate while performing a chemical-mechanical 
polishing process, the method comprising the steps 
of: 

(a) measuring a first film thickness of a sub- 
10 strate during a chemical-mechanical polishing 

process when a monitoring channel in a polish- 
ing element aligns with afilm thickness monitor; 
and then 

(b) measuring a second film thickness ofa sub- 
is strate during a chemical-mechanical polishing 

process when the monitoring channel in a pol- 
ishing element realigns with the film thickness 
monitor, and then 

(c) calculating a difference between the second 
20 fj|m thickness and the first film thickness. 

21. The invention of Claim 20, wherein the first film 
thickness and the second film thickness are meas- 
ured by an ellipsometer. 

25 

22. The invention of Claim 20, wherein the first film 
thickness and the second film thickness are meas- 
ured by a beam profile reflectometer. 

30 23. The invention of Claim 20, wherein the first film 
thickness and the second film thickness are meas- 
ured by a stress pulse analyzer. 

24. A method for determining average removal rate per 
3$ polishing element revolution across a substrate sur- 
face while performing a chemical-mechanical pol- 
ishing process, the method comprising the steps of: 

(a) measuring a first film thickness of a sub- 
40 strate during a chemical-mechanical polishing 

process when a first monitoring channel in a 
polishing element aligns with a first film thick- 
ness monitor; and then 

(b) measuring a second film thickness of a sub- 
45 strate during a chemical-mechanical polishing 

process when the first monitoring channel in a 
polishing element realigns with the first film 
thickness monitor, and then 

(c) measuring a third film thickness of a sub- 
so strate during a chemical-mechanical polishing 

process when a second monitoring channel in 
a polishing element aligns with a second film 
thickness monitor, and then 

(d) measuring a fourth film thickness of a sub- 
55 strate during a chemical-mechanical polishing 

process when the second monitoring channel 
in a polishing element realigns with the second 
film thickness monitor; and then 
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(e) calculating a difference between the second 
film thickness of step (b) and the first film thick- 
ness of step (a); and 

(f) calculating a difference between the fourth 
film thickness of step (d) and the third film thick- 
ness of step (c); and then 

(g) calculating an average of the differences of 
steps (e) and (f). 

25. The invention of Claim 24, wherein the first, second, 
third, and fourth film thicknesses are measured by 
an ellipsometer. 

26. The invention of Claim 24, wherein the first, second, 
third, and fourth film thicknesses are measured by 
a beam profile reflectometer. 

27. The invention of Claim 24, wherein the first, second, 
third, and fourth film thicknesses are measured by 
a stress pulse analyzer. 

28. A method for determining removal rate variation per 
polishing element revolution across a substrate sur- 
face while performing a chemical-mechanical pol- 
ishing process, the method comprising the steps of: 



30. The invention of Claim 28, wherein the first, second, 
third, and fourth film thicknesses are measured by 
a beam profile reflectometer. 

5 31 . The invention of Claim 28, wherein the first, second, 
third, and fourth film thicknesses are measured by 
a stress pulse analyzer. 

32. A method of optimizing a chemical-mechanical pol- 
10 ishing process comprising the steps of: 

(a) characterizing a polishing process to deter- 
mine effects of processing parameters; and 
then 

15 (b) determining removal rate; and then 

(c) adjusting the polishing process parameters 
to optimize the removal rate. 

33. The invention of Claim 32 further comprising the 
20 steps of: 

(d) determining removal rate variation; and then 

(e) adjusting the polishing process parameters 
to optimize uniformity. 

25 



15 



(a) measuring a first film thickness of a sub- 
strate during a chemical-mechanical polishing 
process when a first monitoring channel in a 
polishing element aligns with a first film thick- 30 
ness monitor; and then 

(b) measuring a second film thickness of a sub- 
strate during a chemical-mechanical polishing 
process when the first monitoring channel in a 
polishing element realigns with the first film 35 
thickness monitor; and then 

(c) measuring a third film thickness of a sub- 
strate during a chemical-mechanical polishing 
process when a second monitoring channel in 

a polishing element aligns with a second film 40 
thickness monitor; and then 

(d) measuring a fourth film thickness of a sub- 
strate during a chemical-mechanical polishing 
process when the second monitoring channel 

in a polishing element realigns with the second 45 
film thickness monitor; and then 

(e) calculating a difference between the second 
film thickness of step (b) and the first film thick- 
ness of step (a); and 

(f) calculating a difference between the fourth so 
film thickness of step (d) and the third film thick- 
ness of step (c); and then 

(g) calculating a variation of the differences of 
steps (e) and (f). 

55 

29. The invention of Claim 28, wherein the first, second, 
third, and fourth film thicknesses are measured by 
an ellipsometer. 
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